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THE EPITHELIAL NA
ϩ CHANNEL (ENaC) is the rate-limiting step for Na ϩ reabsorption in absorptive epithelia which can develop steep lumen-to-blood concentration gradients (65) . The channel is located in the apical membrane of epithelial tissues throughout the body, including colon, sweat glands, salivary duct, airway, and cortical collecting duct (CCD) of the kidney (65, 134) . Final regulation of Na ϩ excretion by the kidney occurs in the cortical collecting tubules and collecting ducts where regulatory mechanisms influencing Na ϩ absorption impact extracellular fluid volume and thus blood pressure. Alterations in channel structure and function have been shown to be important in several human diseases, including the hypertension seen in patients with Liddle's syndrome (69, 163) , and the salt wasting seen in some variants of psuedohypoaldosteronism (32). In addition, excessive Na ϩ absorption occurs when the apical membrane CFTR density is reduced by genetic mutations that cause cystic fibrosis, a process that appears to be linked to disease pathogenesis (19, 111) . The effects manifested in genetic diseases point to potentially significant roles for Na ϩ channel dysregulation that may result in conditions such as pulmonary edema (116, 138) , chronic obstructive pulmonary disease (111) , acute respiratory distress syndrome (182) and nephrosis (92) , as well as hypertension (9, 178, 181) . The salt-sensitive hypertension of Liddle's syndrome is now well understood as being caused by an ENaC mutation which alters its trafficking and cell surface expression, the mechanism of which was elucidated through basic studies of ENaC function (1, 57, 68, 69, 105, 152, 163 ). Liddle's syndrome represents a small minority of salt-sensitive hypertensives, and in most cases the abnormalities leading to enhanced renal Na ϩ retention in other forms of hypertension remain unclear (149, 151) . Many aspects of ENaC trafficking and regulation also remain unresolved. One trafficking defect has already been shown to lead to clinical disease (105) , so it seems reasonable that a fuller understanding of the molecular mechanisms involved in ENaC trafficking and its regulation might identify other sites where abnormalities in ENaC activity would lead to hypertension or other disease states (140) .
Surface residency of ENaC is under strict control and can be regulated by the action of hormones and initiation of their specific second messenger cascades. One of the major actions of all the hormones involved in ENaC regulation is an alteration in the channel density at the apical membrane of polarized epithelial cells. This is brought about either by the translocation of additional channels to the membrane surface or by increasing the residence of ENaC at the cell surface to increase sodium transport. This homeostatic control ensures the finetuning of sodium homeostasis, and along with chloride movement provides to osmotic driving force for water transport. A more complete discussion of hormonal regulation of ENaC follows the descriptions of the mechanisms involved in ENaC trafficking in the following sections.
The contribution of ENaC to Na ϩ transport both in vitro and in vivo is commonly determined by its sensitivity to the potassium-sparing diuretic amiloride (65) . ENaC activity is regulated by the number of channels (N) in the apical membrane, by the single-channel conductance (i), and by the open probability of the channel (P O ). Although amiloride-sensitive channels with differing single-channel conductance properties have been reported (85, 192) , there are no examples of signif-icant regulatory or genetic alterations in ENaC function due to changes in i. Thus it appears that most regulation of channel activity occurs through alterations in either N or P O . Although some examples of physiologic regulation of P O are known (30, 65) , most long-term regulation of ENaC activity occurs via regulation of N (150) , the number of functional channels present in the apical membrane. Apical membrane channel number is determined by the balance between delivery and retrieval of the channel at the apical membrane, but can also be regulated by increase in synthesis and delivery of channel subunits, by impaired retrieval, or by insertion of preformed channels from subapical locations. The relation of functional channels to those detectable by biochemical methods has been impacted by our emerging understanding of the role of proteolytic activation of ENaC. To understand the various regulatory influences acting on ENaC, proteolysis raises the additional possibility that the number of functional Na ϩ channels may be increased by the activation of near-silent channels present in the apical membrane. Moreover, the P o of apical ENaC may be increased if residency time in the apical membrane is increased. This review will focus on the mechanisms that govern apical membrane ENaC density via regulation of membrane trafficking. The review will begin by relating our understanding of the factors that influence the density and residency of ENaC in the apical membrane. Next, the events involved in ENaC internalization will be traced, including routing decisions regarding the fate of the endocytosed channel, and finally we will track the channel back to the apical membrane by relating our small but growing knowledge about the recycling pathways involved. Schematic diagrams outlining the major regulatory pathways discussed are presented ( Figs. 1 and 2 ).
ENaC at the Surface (Apical Surface Residency)
A factor that permits membrane trafficking events to significantly impact ENaC-mediated Na ϩ entry is the relatively short half-life of the channel on the apical surface. While there is a wide range of both reported apical membrane ENaC half-lives and estimates of channel lifetimes, all are relatively brief in relation to those of other membrane proteins, for example, aquaporin-2 (AQP2) at ϳ50 h (24). The calculated half-lives are derived from a number of model systems and estimates have varied from as short as ϳ15 min to over 3 h. What could account for these differences? Estimation of half-life may be complicated by numerous factors. For example, recycling of ENaC results in net retention of channels at or returning to the apical membrane and an increase in estimated channel halflife, since channels have the ability to reach the apical surface multiple times before being diverted to degradation. Added to this is the idea that there may be a large intracellular storage pool with the ability to deliver ENaC to the apical surface as needed (107) . This would make channel half-life estimations from functional data and current rundown experiments challenging. Second, a biochemical pool of nearly inactive chan- Fig. 1 . Schematic diagram outlining steps in epithelial sodium channel (ENaC) endocytosis and progress through early endosomes as it is recycled. Each of the steps in ENaC internalization is discussed in detail in the text. ENaC internalization is initiated by the binding of Nedd4-2 to the intracellular NH2 terminus (NH2) of each subunit and the addition of ubiquitin (Ub) moieties to the COOH tail (COOH) of the ENaC subunits (enlarged inset). Binding of 14-3-3 proteins to phosphorylated Nedd4-2 (yellow symbols on Nedd4-2) prevents Nedd4-2 interaction with the PY motifs on ENaC. Following ubiquitination, the channel is internalized by clathrin-dependant endocytosis through an interaction with epsin and passes through an early endosomal compartment (EEA1 and Hrs positive). If ENaC is deubiquitinated by deubiquitinating enzymes (Dubs), it will be transferred to the apical recycling endosome (ARE) for recycling to the apical membrane (see Fig. 2 ). If it remains ubiquitinated, it is likely trafficked via the late endosomes (LE) to the lysosomes (Lys) for degration. From studies on other transporters, it is likely that Rab proteins may be involved in rescuing ENaC from the LE back to the ARE or facilitating its movement to Lys for degradation. nels found concurrently with active ENaC in the apical membranes of cells and Na ϩ -transporting tissues has been described. Activation of the silent channels has been associated with proteolytic cleavage, structural alterations in the channel architecture, and shifts in apparent protein sizes observed by Western blotting (2, 29, 30, 38, 78 -80, 96, 187, 190, 191) . Proteolysis adds further difficulties in comparing biochemical results from earlier studies where this phenomenon was not considered. Third, different cell types or model systems may differ in their capacity for maintaining significant intracellular ENaC pools or in their ability to traffic and return ENaC to the apical membrane.
A new paradigm for considering the relationship of the biochemically detectable pool of subunits and the functional pool of channels is therefore required. Indeed, the last several years have seen evidence presented that the biochemical pool of channels in cell membranes significantly exceeds the number of active channels (17, 57) . This phenomenon is exemplified by the ability of trypsin to augment amiloride-sensitive Na ϩ transport via proteolytic activation of inactive channels resident in the plasma membrane (78 -80, 187, 190, 191) . The turnover and half-life of cleaved and uncleaved channels will need to be examined to determine whether there is a difference in the rates of degradation or whether they are processed differently from uncleaved channels. Two recent publications have begun to address these issues and demonstrate that conditions that reduce channel retrieval from the apical membrane, increasing its residency time, result in increased appearance of cleaved active channels (91, 203) . These results point to a possible role of trafficking in regulating the abundance of active vs. inactive channels. Possible difference in the trafficking itinerary of cleaved channels will also need to be addressed. It is possible that some of the discrepancies in channel half-life estimates from earlier studies may be accounted for as a difference in biochemical identity of ENaC investigated.
Despite the potential pitfalls, some consensus for estimates for ENaC surface residency obtained from surface labeling and pulse-chase studies has recently emerged. Apical membrane half-life estimates of ϳ20 -30 min have been made from a number of studies employing ENaC expression in several polarized cell systems or for endogenously expressed ENaC (A6, MDCK, FRT) (4, 70, 91, 107) . In several studies investigating ENaC half-life, an initial rapid loss of ENaC from the apical surface was followed by stabilization in subunit lifetimes. This biphasic response would suggest a recycling mechanism which maintains a longer lived ENaC population in preference to ENaC degradation. In a study investigating the role of deubiquitinating enzymes (DUBs) in ENaC regulation, we reported that the inhibition of a specific DUB resulted in ENaC-dependant short-circuit current rundown with a t 1 ⁄2 of ϳ60 min without cAMP stimulation and ϳ25 min under cAMP-stimulated conditions (26). These estimates parallel the biochemical data and agree with the results of pulse-chase studies in a scenario where ENaC is retrieved from the apical surface and directly degraded. However, when ENaC deubiquitination was not inhibited, the functional half-life as estimated from current rundown was longer, consistent with a longer lived channel population at the apical domain. These findings agree with biochemical estimates of channel lifetimes made in studies using cells endogenously expressing ENaC Fig. 2 . Schematic diagram outlining the steps in ENaC recycling and delivery to the apical membrane. Following synthesis and assembly (yellow Golgi apparatus), channels are transported to the apical surface (yellow vesicle) and can be localized in lipid raft membrane domains (Rafts). It is also possible that ENaC enters the regulated recycling pathway directly (? and arrow), but no support for this idea has yet emerged. Those channels retrieved from the apical surface (see Fig. 1 ) and delivered to the ARE are trafficked back to the apical membrane through the involvement of Rab proteins (most likely Rab11, 27). Delivery of ENaC to the apical surface is regulated by RhoA and sorting nexin 3 (SN3) and vesicle fusion is mediated by SNARE proteins (SNAREs). Details of the mechanisms of ENaC delivery are provided in the text.
(A6) (195) . Overall, the results from studies investigating ENaC deubiquitination are consistent with the idea of channel recycling, and this process may contribute to differences in ENaC half-life estimated in different systems.
ENaC Cleavage and Trafficking
Several channel-activating proteases (CAPs) have been described which cleave the extracellular loops of ENaC and increase Na ϩ transport (2, 3, 29, 30, 78 -80, 94, 160, 187, 190, 191) . In the CCD, inhibition of these serine proteases results in significantly reduced ENaC currents. Patch-clamp studies demonstrated that CAP action dramatically increases channel open probability (P O ) changing ENaC from a near electrically silent to a constitutively active channel (22, 30) . The serine protease furin has been shown to specifically cleave the ␣-and ␥-ENaC subunits at extracellular sites close to the first transmembrane spanning domain (78 -80) . A number of other proteases have also been shown to activate ENaC, and much has still to be elucidated about CAP regulation itself. The populations of proteases, and protease cascades including protease inhibitors, in different tissues which are physiologically important in processing ENaC need to be determined. However, CAPs provide another mode of ENaC regulation, distinct from changes in channel number, with the ability to modulate P O .
Exogenous expression of ENaC engineered with specific tags has allowed biochemical studies of ENaC half-lives to be undertaken for cleaved and uncleaved ENaC populations and such studies may ultimately address the discrepancies in biochemical half-lives from earlier work (91, 96) . However, it will still be important to obtain suitable antibodies which are able to distinguish these various forms in cells and tissues which express ENaC endogenously to determine whether the regulation defined in the model cells is similar to that achieved in vivo. A recent publication sought to clarify the regulation of cleaved ENaC and estimated the surface half-life of cleaved ENaC to be ϳ20 min (91) . These data would suggest that cleaved ENaC is regulated in a similar manner to the fulllength species reported in other studies and that cleavage does not significantly impact ENaC regulation by trafficking. However, these findings would need to be directly compared with studies investigating cleaved vs. uncleaved channels in the same system and verified in systems that endogenously express ENaC.
ENaC Internalization and Regulation by Ubiquitination
It is widely accepted that the brief residency of ENaC at the cell surface is related to its ability to be modified and negatively regulated by the addition of ubiquitin (107, 165, 199, 203, 204) . This pathway has been detailed in a number of elegant studies and has recently been reviewed (59, 109) . The E3 ubiquitin ligase Nedd4-2 binds to consensus PPxY motifs in COOH terminus ENaC subunits and mediates ubiquitination of lysine residues (see Fig. 1 , inset) on the NH 2 terminus of ␣-and ␥-ENaC subunits in Madin-Darby canine kidney (MDCK) cells (153) . Ubiquitination of the ␤ subunit has now also been reported in a number of endogenously expressing and overexpressing cell lines (110, 203) . Ubiquitination of membrane proteins can serve as a signal for retrieval of these proteins into the endosomal/lysosomal pathway where they are either degraded or sorted for recycling (145) (see Fig. 1 ). Rotin and colleagues (176) originally proposed that excess ENaC subunits synthesized in endoplasmic reticulum (ER), but not destined to reach plasma membrane, are degraded through a process of polyubiquitination and proteosomal degradation, while assembled ␣␤␥-ENaC that reaches the plasma membrane is monoubiquitinated and targeted to endosomal/lysosomal degradation pathways. They demonstrated that mutation of lysines in NH 2 terminal ␣-and ␥-ENaC results in prolonged channel half-life due to apical retention of the channels (177) . Several recent studies showed that ENaC subunits are either polyubiquitinated (26) or multimonoubiquitinated (199) at the cell surface in both endogenously expressing cell lines and overexpression systems (203) . It is clear from studies of overexpression of Nedd4-2 in oocytes or other cellular expression systems as well as mutagenesis studies within the PPxY motif that ubiquitination is the major pathway contributing to retention of ENaC at the cell surface under basal transport conditions (175) . The gain-of-function mutations in ENaC that lead to enhanced Na ϩ reabsorption and hypertension in Liddle's syndrome are clearly caused by impaired Nedd4-2 binding to ENaC and inhibition of ubiquitin-mediated channel retrieval (69, 163) .
The interaction between Nedd4-2 and ENaC has also been identified as a site of physiologic regulation of ENaC. The aldosterone-induced protein SGK1 has been shown to phosphorylate Nedd4-2 inducing its interaction with specific, aldosterone-induced, 14-3-3 protein isoforms (14, 83, 104) . The phosphorylation of Nedd4-2 and its interaction with 14-3-3 proteins result in a decrease in affinity for Nedd4-2 binding to ENaC and disrupt channel ubiquitination (see Figs. 1 and 3 ). This leads to increased retention of channels at the apical membrane of aldosterone-responsive cells. Interestingly, the opposite effect has been ascribed to ERK which phosphorylates sites on ENaC and apparently leads to an increase in affinity for Nedd4-2 binding (54) . The ERK cascade may be constitutively active in native ENaC expressing tissues or may be activated through the EGF signaling pathway or by progesterone (see Fig. 3 ). The aldosterone-induced protein GILZ appears to disrupt the activation of ERK, blocking this phosphorylation mechanism and leading to a decrease in affinity of the channel for Nedd4-2 (13, 169, 170) . In this manner, aldosterone can lead to reduced Nedd4-2 affinity for the channel by its direct phosphorylation of Nedd4-2, or by blocking ERK-mediated phosphorylation. Thus aldosterone does not act by decreasing Nedd4-2 expression, but by manipulating its posttranslational regulation, and thereby, its ability to interact with ENaC. These effects of aldosterone are complementary and lead to decreased channel ubiquitination, and increased apical membrane channel expression and function.
In addition to these modulatory effects, the G protein receptor-coupled kinase GRK2 has also been reported to phosphorylate the COOH terminus of ␤-ENaC, and this renders the channel insensitive to inhibition by Nedd4-2 (46, 154). This observation provides a possible explanation for the observed association of GRK2 overactivity with hypertension and could represent a genetic candidate for altering the relationship between ENaC trafficking and hypertension. In earlier work, the same group reported that Nedd4-2 could also be phosphorylated by GRK2 which would in turn lead to a decrease in Nedd4-2 interaction with ENaC and offers another point of regulation for ENaC surface density (46). Aldosterone and SGK1-or GRK2-mediated phosphorylation mechanisms provide major pathways that control the ability Nedd4-2 to ubiquitinate ENaC, and thereby regulate ENaC cell surface density by manipulating its endocytic rate. Ubiquitination appears to be the predominant signal for ENaC internalization, and channel endocytosis is a critical point of physiological control by the hormones that regulate Na ϩ balance.
Mechanism of Internalization
Membrane proteins may be internalized by varying mechanisms, including clathrin-mediated endocytosis, clathrin-independent endocytosis, or caveolar internalization. Although it has recently been proposed that ubiquitinated cargo may be endocytosed by clathrin-independent processes (34, 164) and that EGF receptor may be internalized by both clathrin-dependent and caveolar pathways, the current evidence regarding ENaC is that internalization is entirely via clathrin-mediated pathways and is not associated with caveolas (107, 193, 199) . Early studies of ENaC in oocytes demonstrated that coexpression of a dominant-negative dynamin as well as mutation of the COOH-terminal Yxx motif by mutating the tyrosine in ␤-ENaC were both associated with increased activity of ENaC, consistent with regulation of surface expression by clathrinmediated endocytosis (162) . This sequence represents a classic tyrosine-based linear internalization motif, but it also overlaps with the PPxY segment representing the WW domain mediating Nedd4-2 binding (Fig. 1, inset) . Since structural analysis of the Nedd 4:␤ ENaC interaction suggests that the second proline and the tyrosine are critical for interaction between the two proteins, it seems likely that the main effect of the tyrosine mutation in these early studies was to downregulate the interaction between the channel subunit and the ubiquitin ligase, rather than disrupting an AP-2-mediated internalization motif (162) . Nevertheless, it has recently been suggested that the overlapping internalization motifs (the PPxY for Nedd4-2 binding and the Yxx for clathrin adaptor 2 binding) could potentially function as independent sorting signals and that this switching function was dependent on upstream serine and threonine residues (173) . This possibility has been challenged by observations that mutations disrupting the Yxx motif have little effect on endocytosis of ENaC, although these mutations did not involve either of the critical terminal amino acids of this motif (203) . Whether the channel is endocytosed to some degree via linear internalization motifs, it seems clear that the major regulation of internalization under most conditions involves Nedd4-2-mediated ENaC ubiquitination (175) .
Membrane proteins which are modified by attachment of one or more ubiquitin molecules appear to be internalized by signals unlike the classic internalization motifs and may require binding to accessory proteins which link them to clathrin adaptors (72, 198) . Multimodular proteins of the epsin family have been implicated in performing such a function since they contain ubiquitin interaction motifs (UIM) as well as clathrinbinding domains (DPW) and phosphoinositide-interactive domains (ENTH) (198) . Epsin orthologs in Drosophila and C. elegans target monoubiquitinated ligands of the Notch pathway for endocytosis, and subsequent deubiquitination and Binding of Aldo to the mineralocorticoid receptor results in the long-term synthesis of additional ENaC, and in the regulation of Nedd4-2 (as depicted in Fig. 1 ) by the serum and glucocorticoid kinase (SGK). SGK phosphorylation (P) prevents Nedd4-2 binding and ENaC ubiquitination (Fig. 1, inset) . Direct regulation of ENaC by phosphorylation through ERK is prevented by the action of GilZ, another Aldo-induced protein. Both vasopressin and insulin induce the translocation of ENaC from an intracellular vesicle storage population to the apical membrane. For vasopressin, this is facilitated by SN3.
recycling of cargo are essential for Notch signaling (130, 183, 194) . The EGF receptor is ubiquitinated by the ligase Cbl, is internalized via primarily clathrin-dependent mechanisms, and is then sorted for recycling or degradation by the action of serial deubiquitylating enzymes (119) . A recent study has now shown that ENaC interacts with the clathrin adaptor 2 component of the AP-2 complex, is enriched in clathrin-coated vesicles, and interacts with and is regulated by epsin (193) . Interestingly, fully mature and cleaved isoforms of ␤-and ␥-ENaC, respectively, appear to be particularly enriched in clathrin-coated vesicles, suggesting that they may be selectively retrieved by this mechanism (193) . Overexpression of epsin downregulates ENaC expression in oocytes, HEK cells, and endogenously expressing mouse CCD cells (174, 193, 196) .
The role of ENTH domains of accessory proteins such as epsin in clathrin-mediated endocytosis appears to be related to binding to PI(4,5)P 2 and is a necessary prerequisite for endocytosis to proceed (86) . PIP 2 -regulated recruitment of epsin to the plasma membrane initiates clathrin lattice formation and the budding of clathrin-coated vesicles (60, 61) . Subsequently, dynamin is recruited to the neck of the forming vesicle by binding to PIP 2 enabling fission of the vesicle from the plasma membrane. Clathrin lattices are next disassembled when synaptojanin dephosphorylates PIP 2 converting it to PIP (123) . It has been demonstrated that stimulation of PIP 2 levels by PIP5-K results in enhanced rates of clathrin-mediated endocytosis (196) and overexpression of PIP5-K␣ in both CCD cells and oocytes results in increase in PIP 2 levels and decrease in surface ENaC expression consistent with increased retrieval (196) . However, the role of PIP 2 in ENaC regulation may be quite complex as PIP 2 is known to have multiple effects on membrane channels (73) . PIP 2 has been demonstrated to bind directly to cationic sequences in the COOH termini of ENaC, to alter channel gating (108, 201) , and to stimulate channel exocytosis (45, 121, 172) . Of note, it is the PIP5-K␤ isoform which appears to stimulate exocytosis in overexpression systems, suggesting that variations in effects of PIP 2 on channel activity may be isoform specific and related to the spatial and temporal subcellular localization of both channel and enzymes.
Membrane proteins destined for lysosomal degradation are sorted from those that are recycled to the plasma membrane in early endosomes (see Fig. 1 ) and ENaC has been convincingly shown to traffic through the endosomal pathway both in endogenously expressing CCD cells and in ENaC overexpressing MDCK cells (107, 193) . The sorting of proteins in the endosomal pathway is a complex process that has been studied extensively in yeast through the isolation of vacuolar protein sorting (vps) mutants (145) . Mammalian homologs of many vps proteins have been identified as making up the endosomal sorting complexes required for transport (ESCRT) and key proteins for sorting of ubiquitinated substrates (such as ENaC) are the hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), the mammalian homolog of Vps27p and its binding partner, signal transducing adaptor molecule (STAM) (119) . Hrs, like EEA1, contains a FYVE binding domain which serves to localize it to early endosomes by binding to PtdIns(3)P (PI3P) (86) . EEA1 functions as a tethering molecule, binds to Rab proteins, and mediates endosomal fusion (67, 143, 145) . Hrs, like epsin, has both a UIM and a clathrinbinding domain and it has been suggested that Hrs recruits clathrin to early endosomes and may mediate the sorting of ubiquitinated cargo into lysosomes for degradation (143, 144) or for sequential transfer to either regulatory or housekeeping deubiquitinating enzymes (DUBs) (119) . By the action of DUBs, cargo which is deubiquitinated may be sorted for recycling (161, 197, 198) . ENaC traffics through both EEA 1 , Hrs, and Rab11-positive endosomes and to avoid degradation by lysosomes, it must undergo deubiquitilaytion analogous to the EGF receptor. Two separate debuqiutylating enzymes, one isolated from EEA1-positive endosomes, have now been demonstrated to be involved in ENaC trafficking. The role of PI3P in the process of endosomal sorting has been examined using both PI3K inhibitors such as wortmannin, which impair trafficking through endosomal compartments by collapsing discreet sorting compartments, and PI4P phosphatases which appear to rescue it. PI3P, the product of class III PI3K, plays a major role in endosomal sorting (77, 81, 87, 90) . Inhibitors of PI3K have been repeatedly shown to inhibit both basal and stimulated ENaC function (16, 146) . Although this action has been attributed to PI3K activation of SGK1, the profound effect of these inhibitors on basal ENaC function suggests a possibly distinct site of action.
ENaC Deubiquitination
Once retrieved from the apical surface, ENaC traffics through early and sorting endosomal compartments. It is likely that the fate of ENaC is determined in these early endocytic compartments. ENaC that remains ubiquitinated is likely to be degraded in lysosomal compartments as inhibition of lysosomes results in an accumulation of ubiquitinated ENaC and the extension of the channel's half-life (199) . To divert ENaC from a degradative fate in lysosomes, rapid deubiquitination of the endocytosed channel would be required (40, 120). DUBs are known to perform these functions (5, 36, 120, 128, 167) and in a recent study, evidence was presented for such a role by the ubiquitin COOH-terminal hydrolase (UCH-L3) in ENaC regulation (26). UCH-L3 is not induced by aldosterone and it appears to be ubiquitiously expressed. By specifically blocking the deubiquitinating action of UCH-L3, a loss in steady-state ENaC-mediated Na ϩ transport was observed. Knockdown of the DUB significantly reduced ENaC activity and little response to cAMP activation was detected following UCH-L3 knockdown or inhibition (26).
These data highlighted the requirement for constitutive deubiquitination to maintain ENaC at the apical membrane. Of interest, while a loss in surface ENaC expression could be demonstrated biochemically, there was little decrease in whole cell levels of ENaC. This suggested that UCH-L3 did not regulate total cellular levels of ENaC, and therefore not likely involved in degradation at the level of the ER (26). As this DUB was biochemically detected in early endosomal and clathrin-coated vesicle compartments, it is likely that its action to deubiquitinate ENaC occurred near the apical surface as ENaC was internalized. As confirmation of this, surface biotinylation followed by immunoprecipitation of biotinylated ENaC using an anti-ubiquitin antibody demonstrated an increase in the levels of ENaC ubiquitination at the apical membrane of CCD cells following UCH-L3 inhibition.
The kinetics of UCH-L3 inhibition differed, depending on whether the inhibitor was applied under basal or stimulated conditions (26). The action of the DUB inhibitor was much more rapid in cells where ENaC recruitment to the plasma membrane was stimulated by cAMP/PKA. Accordingly, the actions of the UCH-L3 inhibitor indicate that ENaC is in transit between intracellular compartments and the apical membrane under both basal and stimulated conditions. With increased channel turnover induced by the agonist, the contribution of ENaC recycling is critical for the maintenance of apical channel density. Channel transit through intracellular pathways is maintained in the absence of acute stimulation under basal conditions since inhibition of DUB activity reduced ENaC currents in the absence of stimulation.
A second DUB, USP2-45, has also been demonstrated to deubiquitinate ENaC (53) . In contrast to UCH-L3, USP2-45 is aldosterone induced and was isolated as an early aldosteroneinduced gene product, whose intracellular level was induced by aldosterone (1.6-fold). Like UCH-L3, overexpression of USP2-45 increased ENaC activity and decreased levels of ENaC ubiquitination. However, it was not possible to determine the role of this DUB in ENaC recycling from the data presented in this study. Although the authors demonstrated an alteration in the level of ENaC ubiquitination with changes in USP2-45 expression, it is not clear where the cellular locus for this DUB's action on ENaC is and what role the aldosterone induction would have on overall ENaC regulation by this DUB. It remains a possibility that USP2-45 is involved in regulating ENaC in the ER, by rescue from ER-associated degradation to increase the number of channels in response to aldosterone stimulation.
While the role of USP2-45 deubiquitination of ENaC is unclear, a third DUB has been implicated in ENaC regulation by vasopressin through an intricate association with sorting nexin 3. Staub and colleagues (unpublished observations) identified Usp10 through a SAGE screen as a vasopressin-induced protein and linked its induction to ENaC regulation. Usp10 does not act to directly deubiquitinate ENaC, as no change in ENaC ubiquitination was observed with alterations in the levels of Usp10. Rather, by using a yeast two-hybrid screen, they demonstrated that Usp10 deubiquitinated sorting nexin 3, which then promoted the surface expression of ENaC. The mRNA levels of sorting nexin 3 were not altered by vasopressin, suggesting that Usp10 acted on synthesized endogenous nexin to deubiquitinate and increase protein abundance (O. Staub; unpublished results). This cascade of interactions illustrates the complex DUB associations which regulate ENaC. Not only does the deubiquitination of ENaC need to be taken into account, but there are a number of accessory and trafficking proteins which are likely regulated by DUBs and may alter ENaC surface residency. In addition, it is possible that ubiquitinating and deubiquitinating enzymes are themselves regulated by ubiquitination offering another level of regulation (5, 82).
ENaC Recycling: Rab GTPases
Following its deubiquitination, ENaC would be reorganized into sorting and recycling endosomes to traffic back to the apical surface (see Fig. 2 ). The itinerary of ENaC recycling can be determined by colocalization with markers of early endosomal and recycling compartments. Thanks to work investigating apical recycling in model cells, some prediction can be made as to the vesicular neighbors ENaC is likely to encounter as it recycles. Most notable of these are Rab GTPases which coordinate steps in the endocytic, recycling and exocytic trafficking pathways. In most trafficking systems, the initial steps in membrane fusion involve tethering of cargo containing vesicles at the target membrane. This process often involves a complex of accessory proteins that are organized on, or recruited to, trafficking vesicles by small GTPases, including Rab proteins (136, 157) . Rabs are a ubiquitously expressed family of small (20 -29 kDa) monomeric Ras-like GTPases and function as molecular switches, cycling between GTPbound and GDP-bound states (33, 58, 142). Over 60 mammalian Rabs have been identified and they are known to be regulated by guanine nucleotide exchange factors (GEFs) which trigger the binding of GTP and GTPase-activating proteins to accelerate the hydrolysis of GTP to GDP. At this time, we have only sparse knowledge of the Rab GTPases that are involved in apical ENaC trafficking, but inferences can be made from other systems. The Rabs are distributed selectively at different steps along the protein secretory pathway, where they regulate trafficking between donor and acceptor membrane compartments. Rabs 4, 5, 18, and 21 have been associated with early endosomes and with early steps in endosomal internalization (11, 23, 148) . Rab7 has been linked to late endosomes and its colocalization would suggest channels are destined for lysosomal degradation (6). Rab11 and Rab25 are found in recycling endosomes and Rab27 is involved in exocytic insertion (31, 35, 157). Rab proteins are known to play key roles in the trafficking of various channels and transporters.
For example, AQP2 is expressed in the same principal cell population as ENaC. AQP2 is also regulated by vasopressin and it is known to recycle to the apical surface in these cells following endocytosis (18, 21, 39, 84, 129, 186) . An extensive proteomic screen demonstrated the association of AQP2-containing vesicles with a number of Rab family members (12, 20) . For CFTR, Rab5 mediates its internalization from the plasma membrane and its delivery to early endosomes (66) . As with ENaC, CFTR can be returned to the plasma membrane by transfer to recycling endosomes (Fig. 1) . The recycling of CFTR back to the apical membrane is mediated by Rab11 (179, 180) and passes through a compartment that is regulated by the endocytic recycling regulator, Rme-1 (137) . Alternately, CFTR may be delivered from early endosomes to late endosomes by a process facilitated by Rab7 (66) , which leads the protein to lysosomes and degradation. However, Rab9 can rescue CFTR from degradation by facilitating its recovery from late endosomes and transfer the channel to the trans-Golgi network, to again enter the protein secretory pathway and find its way back to the apical membrane. These studies showed that alterations in Rab protein function can influence the density of CFTR channels at the apical membrane, by either interfering with Rab5 function and endocytosis, or by augmenting Rab11 function and recycling. These factors can be significant in controlling the apical density of mutant channels that have reduced apical residency, such as the common ⌬F508 CFTR. The same behavior could be anticipated for ENaC.
ENaC has been localized in Rab11-positive compartments by immunofluorescent labeling, adding support to the idea that it traffics through this recycling compartment (107) . Two studies documented the involvement of Rab4 (endocytosis) and 27a (exocytosis) with ENaC regulation in an immortalized human colonic cell line (155) (156) (157) (158) . Overexpression of either Rab protein resulted in an inhibition of ENaC current across H-29 cells, ostensibly by direct protein-protein interactions which reduced the ENaC surface density. Rab27 inhibited ENaC via a mechanism that involved the SNARE regulatory protein, munc 13-4 (155) . Interactions of ENaC with SNAP-23 and synaptotagmin were also proposed in these studies, implying that there is a complex, and at present, poorly defined set of interactions with Rab proteins and other components of the exocytic machinery. It is likely that as more Rab family members are investigated, a number of specific GTPases will be associated with ENaC regulation by trafficking.
An interesting protein that links Rab27 to myosin V and the actin cytoskeleton in CCD (M1) cells was identified recently by Martel et al. (112) in a screen for aldosterone-induced proteins. Treatment of M1 cells expressing an inducible mineralocorticoid receptor with aldosterone led to the rapid (2 h) induction of melanophilin expression, a protein that functions in vesicular trafficking in malanocytes by linking Rab27a vesicles to the unconventional myosin isoform, Va. M1 cells expressed the myosin Vc isoform, which the authors proposed as a potential SGK1 substrate, since its COOH-terminal tail was recognized by a phospho-SGK/Akt antibody. Since the induction of increased melanophilin expression in M1 cells led to increased Na ϩ transport, these findings raise the interesting possibility that this aldosterone-induced protein couples motors to ENaC-containing vesicles via Rab27, to mediate steps on the exocytic pathway.
Intracellular ENaC Populations
While the biosynthesis of ENaC is not discussed here, it is important to note that the delivery of ENaC to the apical surface may involve two or more paths. In model epithelia constitutive ENaC production is required to maintain baseline levels of Na ϩ absorption, which are observed under nonstimulated conditions. Under basal conditions, apical membrane ENaC is maintained at steady-state by the constitutive delivery of channels from biosynthesis. When protein production is inhibited, a slow rundown in Na ϩ absorption is observed (25). In functional studies the half-time of current decay was estimated to be ϳ240 min. In addition to the constitutive production and surface delivery of ENaC, a proportion of the produced channels appears to enter a regulated subapical intracellular pool. Evidence for this pool has emerged from both epithelial model cells and in vivo tissue studies (25, 106, 107) . For example, in recent work using labeled ENaC subunits overexpressed in an MDCK cell line, a large intracellular pool of ENaC was observed which could be trafficked to the surface in response to cAMP stimulation (107) . This finding corroborated earlier work using the same cell system which demonstrated an increase in channel density at the apical surface in response to cAMP stimulation (122) . The intracellular pool in which ENaC resides was characterized in a mouse CCD cell line which endogenously expresses the channel. In response to cAMP stimulation, ENaC surface membrane density was shown to increase by insertion of ENaC from an intracellular pool (25). The increase in apical membrane channel density in response to cAMP stimulation was detected biochemically and by parallel electrophysiological measurements in which increased apical membrane capacitance reflected an increase in vesicle exocytosis and delivery of ENaC to the cell surface.
The size and/or behavior of this cellular compartment (assessed by cAMP-evoked changes in membrane capacitance) vary directly with ENaC expression, suggesting that the channel itself plays a role in establishing this regulated trafficking pathway. Likely, this occurs by direct or indirect interactions of the channel with traffic regulatory proteins, a form of cargo selection that should be an area of fruitful study. In addition, the literature on other channels/transporters (76, 141, 189) indicates that it would be an error to conclude that ENaC within the regulated compartment is static in the absence of stimulation. It is more likely that ENaC traffic via this pathway turns over continuously, with the kinetics of key steps being under regulation to provide for changes in channel distribution between the interior and the cell surface when conditions warrant.
Similar findings have emerged from studies of insulindependent GLUT4 trafficking, which indicate that the transporter turns over constitutively in the absence of stimulation, conditions under which its distribution favors the cell interior. In the absence of insulin stimulation, GLUT4 continues to cycle to the plasma membrane, but insulin alters steps in the GLUT4 recycling pathway, primarily exocytosis, to reorient its distribution in favor of the plasma membrane (76) . Recent studies with membrane dyes suggest that a similar model applies to ENaC trafficking regulation by cAMP agonists, (unpublished observations, M. B. Butterworth and C. A. Bertrand). Continuous turnover, as well as the low level of ENaC in systems that endogenously express the channel, will make it difficult to identify the precise location(s) and trafficking pathways of ENaC-containing intracellular compartments. Under steady-state conditions, the channel will be present at various levels throughout endocytic recycling pathways, and measurements of individual steps in the process could be misleading concerning their contribution to channel redistribution during stimulation.
The use of fluorescently tagged proteins may ultimately provide significant advances in our ability to visualize the constitutive and regulated pathways for ENaC trafficking, but this will be particularly challenging in polarized epithelia. Progress in this direction has been achieved with the combined application of total internal reflection microscopy (TIRF) and fluorescence recovery after photobleaching (FRAP) to the process of ENaC movement toward the plasma membrane (139) . In their studies of Rho-dependent ENaC trafficking and involvement of the cytoskeleton, Pochynyuk and colleagues (139) combined electrophysiological measurements with these advanced imaging approaches. Following TIRF-based photobleaching of the near membrane signal, they monitored ENaC-GFP movement in relation to a plasma membrane fluorescent marker and found that the channel was organized into tubular vesicles and small labeled patches of membrane. These structures could represent trafficking vesicles or microdomains of membrane containing ENaC on its way to the cell surface. As verification of this, they used a dominant-negative dynamin and exogenous Nedd4-2 expression to show that endocytic processes did not influence their signals, so that this method seems capable of isolating plasma membrane-directed ENaC movements. Manipulations of RhoA indicated that this small GTPase increases ENaC activity by increasing the movement of channels to the membrane and that this process depended on microtubules (see Fig. 2 ). The approach could be very helpful in further defining the factors contributing to the exocytic flow of ENaC and its regulation, but at present it is not apparent how it could be adapted to the apical membrane domain of epithelial cells, and preferably at lower channel expression levels. It may be necessary to combine studies of ENaC-expressing fibroblasts, with secondary assays carried out using endogenous expression systems and methods (e.g., RNAi) to examine physiological significance.
Intracellular Retention and Exocytosis of ENaC
As indicated by Bernard Rossier in an editorial comment some years ago (150), ". . . we know much more about the mechanism of [ENaC] membrane retrieval than that of insertion." Unfortunately, the same statement applies more than 5 years later. We know much less about the intracellular compartments from which ENaC is mobilized to the cell surface and the processes that move the channel into and out of these compartments than we do about the early steps in the endocytosis and recycling of the channel.
Recent work suggests that constitutive and regulated pathways of ENaC traffic to the apical membrane may involve its movement within different membrane domains (74, 75) . Several channel and transporter proteins, including those in epithelial cells, can be found in the light, or buoyant, fractions in sucrose density gradients, commonly referred to as lipid rafts. For example, aquaporins, CFTR, NHE3, and Ca-activated K channels, among others, are localized to these cholesterol-rich domains (64, 70, 98, 103, 113, 185, 200, 202) . In principle, this partitioning may serve for apical targeting within the biosynthetic pathway and lead to the organization of the channel with receptor and/or signaling complexes at the cell surface. Recent findings suggest also that ENaC may use cholesterol-rich domains to gain access to the apical membrane of CCD cells (75) .
It is recognized that ENaC subunits in epithelia are only partially soluble in detergents. Channel subunits exhibit light buoyant properties and colocalize with caveolin-1 on sucrose density gradients (74) . Interestingly, SNARE proteins are also present in these fractions, as observed at presynaptic membranes (88, 89, 100, 131, 132) , perhaps highlighting the role of these domains in the final stages of apical channel insertion (see also Fig. 2) . Overall, 20 -30% of ENaC subunits in CCD epithelia were present in raft fractions, and there was no influence of short-term cAMP/PKA stimulation or long-term (18 h) aldosterone treatment on the gradient distribution of ENaC subunits. These findings imply that a raft-associated pathway to the apical membrane may not participate in the regulated redistribution of ENaC at the cell surface. The expression of a dominant-negative caveolin-1 in CCD cells inhibited ENaC currents, implying that raft domains may provide a mechanism for the apical delivery of ENaC or for modulating the regulators of ENaC trafficking. In addition, treatment of cells with the cholesterol disrupting reagent, methyl-cyclodextrin (m-CD), resulted in a slow decline in ENaC current, mimicking the time course of basal current inhibition observed when channel biosynthesis is inhibited with cycloheximide (25). Interestingly, the acute response of ENaC current to cAMP/PKA stimulation, which is mediated by channel insertion from a subapical pool, was not affected by m-CD or expression of the caveolin-1 mutant. These findings imply that the constitutive delivery of ENaC to the apical surface involves organization of the channel into lipid raft domains. Conversely, the regulated insertion and recycling of ENaC appear to be independent of raft, utilizing other pathways, including those dependent on clathrin-mediated endocytosis. The extent to which these pathways communicate under different regulatory conditions, that is, the possibility that ENaC subunits may shift between pathways, is unclear and requires further study.
Events in ENaC Trafficking at the Apical Membrane
The final step of vesicle fusion with the plasma membrane involves cognate interactions between vesicle and target membrane-localized SNARE proteins. R-SNAREs with a single coiled-coil domain are localized to the donor compartment (vesicles). At the target membrane, Q-SNAREs form dimers, with one member from the synataxin family and the second member derived from the SNAP family of proteins. Syntaxins are type 2 membrane proteins with a single coiled domain and single transmembrane segment, while SNAP isoforms are generally comprised of two coiled helices and are attached to the plasma membrane by palmitoylation. The assembly of a four-helix bundle derived from R-and Q-SNAREs constitutes the minimal machinery required for vesicle fusion with the target membrane (7, 27, 37, 47, 56) .
Interestingly, ENaC localized to lipid raft domains was present together with the plasma membrane Q-SNARE proteins, syntaxin 1A (S1A), and SNAP-23, and with the R-SNARE protein, VAMP2, in CCD cells (75) . These SNARE components are localized to the apical domain of polarized CCD epithelia by immunolabeling (unpublished observations, M. B. Butterworth). Therefore, these SNAREs are candidates to mediate ENaC-containing vesicle fusion, although information on the presence of other apical candidates, such as syntaxin 3, is also required. For some time, it has been known that the coexpression of ENaC with S1A inhibits ENaC currents in Xenopus laevis oocytes (135) , similar to findings made previously for CFTR (125, 126) . For both proteins, S1A inhibition resulted from a decrease in channel density at the plasma membrane, although changes in channel open probability have also been reported for CFTR (135) . A direct protein interaction of ENaC with S1A was demonstrated in pairwise binding studies, and this appeared to preferentially involve the subunit COOH termini and the H3 domain of S1A (42, 43). To date, the physiological significance of this interaction in renal epithelia endogenously expressing ENaC has not been shown. Investigators suggested that SNAP-23 has an inhibitory effect on ENaC in HT-29 cells (155) , an interaction that was augmented by S1A coexpression in oocytes. The interaction of ENaC with S1A and SNAP-23 may play a role in modulating the activity or trafficking of ENaC. The localization of SNARE proteins in lipid microdomains may reflect their role in apical insertion, and data thus far suggest that they likely affect the constitutive delivery of channels to the apical surface. It is interesting that SNARE protein regulators, such as SNAPs, NSF, munc18, and complexin, appear to exist primarily in nonraft domains, and this may indicate that they play a role under some trafficking/regulatory conditions and not others (64, 99) . When complexed with SNARES, these proteins are most often found in nonraft domains. Thus, a spatial separation of SNARES and their regulators may facilitate the exocytic function of SNAREs or modulate their localization in raft domains to regulate final steps in ENaC insertion (see Fig. 2 ).
Hormonal Regulation of ENaC Trafficking
From the descriptions above, it is clear that many targets exist to regulate the trafficking and recycling of ENaC. By changing delivery or retrieval rates or altering the vesicular itinerary of ENaC, cells will be able to shift the localization of ENaC from a predominantly intracellular localization for example to the apical membrane. It is in this way that hormonal regulation can be exercised and examples of this are discussed briefly (see also Fig. 3 ).
Aldosterone
Aldosterone is the primary mineralocorticoid of vertebrates; its regulation of Na transport involves both early (min-h) and late (h-days) components (8, 44, 48, 62, 71, 95, 133, 147, 159, 188, 205) . Aldosterone acts to increase Na ϩ transport in two ways. Immunohistochemical studies from mouse, rat, and rabbit kidneys demonstrated that upon aldosterone stimulation, ENaC subunits are redistributed from intracellular, cytoplasmic localizations to the apical membranes of principal cells of the distal nephron (4, 8, 15, 106, 115, 127, 147, 205) . Manipulations in circulating aldosterone levels are achieved in the rat models either by employing dietary salt restriction or making use of adrenalectomized rats and osmotic pumps or acute aldosterone infusion. It is well established that the long-term action of aldosterone increases the production of ENaC as determined by both RNA and protein expression. More pertinent to this discussion, however, the short-term effects of either salt restriction or aldosterone infusion offer insights into the localization of resident ENaC before the longer-term genomic expressions predominate ENaC regulation. The early aldosterone responses point to trafficking mechanisms that regulate ENaC surface density (101, 102, 106, 117, 124, 171, 188) . In a number of studies performed in rat models under salt restriction, no significant increase in the expression of any ENaC subunit was detected within the first 15 h. The only change noted in ENaC expression in these studies was a shift in the apparent size of the ␥-ENaC subunit suggestive of a proteolytic cleavage event (49, 62). However, the overall expression of each subunit remained constant. The immunocytochemical and electron microscopic labeling pattern for ENaC expression in distal nephron segments in salt-replete rats exhibited a cytoplasmic distribution for ␤-and ␥-ENaC with a more apical ␣-ENaC localization. In a separate study to investigate the action of aldosterone on this localization, infusion of aldosterone into adrenalecomized rats causes the redistribution of all three ENaC subunits from the intracellular localization to a more apical localization within 2-4 h (106). In contrast to the findings from salt restriction studies, however, the aldosterone infusion did result in the short-term induction of ␣-ENaC expression as evidenced by RT-PCR. These studies are in agreement for ␤-and ␥-ENaC as they demonstrate no significant increase in expression with early aldosterone responses, and a redistribution of all subunits to the apical domain of cells in which ENaC was expressed. One of the factors which may have contributed to the apparent discrepancy of ␣-ENaC production with aldosterone are the more recent studies demonstrating proteolytic cleavage in both ␣-and ␥-ENaC. It is possible that the antibodies used in the earlier studies were unable to distinguish the cleaved (activated) ENaC forms.
Electropysiological measurements from dissected distal nephron tubules in salt-restricted animals confirmed a physiological increase in sodium reabsorption through ENaC (62) . This was verified by urine and plasma analysis in a separate study which demonstrated the decrease in urinary Na ϩ excretion due to increased Na ϩ absorption. Single-channel analysis of the rats on salt-restricted diets demonstrated the increase in ENaC activity as an increase in NPo (the product of channel number and open probability) further supporting the hypothesis of an increase in channel density at the apical surface with short-term aldosterone action (63) . These in vivo studies all suggest that ENaC (or at least some of the ENaC subunits) is held in an intracellular pool under normal, salt-replete, conditions. When dietary changes or external cues necessitate an increase in Na ϩ absorption, ENaC is mobilized from this intracellular pool and trafficked to the apical membrane to increase channel number and thus Na ϩ reabsorption. In addition to the channel translocation process, an increase in mRNA and subsequent protein expression was observed (4, 52, 55) . The net result of aldosterone's action is an increase in the abundance of ENaC at the apical membranes of CCD cells which leads to increased Na ϩ transport. Several proteins are induced by aldosterone to regulate ENaC surface expression. The most significant studied to date, SGK1, negatively modulates the action of Nedd4-2 and the Nedd4-2/ENaC interaction, resulting in an increase in ENaC apical membrane half-life (13) .
Insulin and Vasopressin
While the action of aldosterone occurs over hours to days, acute hormonal regulation of ENaC activity is provided by vasopressin, prostaglandins, and insulin (15, 50) . It has been demonstrated in several cell, tissue, and animal model systems that the addition of vasopressin or downstream cAMP agonists induces a rapid activation of ENaC activity (93, 114, 122) . Binding of vasopressin to its V2 receptor activates adenylate cyclase to convert ATP to cAMP which in turn increases PKA levels. The increase in Na ϩ transport occurs mainly by increasing channel density at the apical membranes by targeting and fusion of ENaC-containing vesicles to this membrane (28, 41, 51) (Fig. 3) . Although this increase in ENaC activity has been described in several model systems, it has not been clear whether AVP impacts sodium uptake similarly in humans. In a study involving healthy volunteers, vasopressin was administered acutely and urinary sodium and osmolarity levels were monitored. In agreement with the analogous animal studies, it was found that sodium and water excretion (as measured in urinary output) was acutely reduced (10) .
In cultured cells AVP activation of cAMP results in an increase in sodium current of ϳ100% which is fully reversible. We demonstrated that on removal of agonist, ENaC was endocytosed from the membrane surface and reorganized into recycling vesicles to be available for additional rounds of stimulation (25). This mechanism is essentially identical to that described for AQP2 regulation which is found in the same segment of the nephron. The action of PKA to regulate ENaC is not entirely clear. There have been reports of direct ENaC phosphorylation; however, one study linked cAMP to Nedd4-2 directly. Snyder (165) demonstrated that cAMP inhibited Nedd4-2 function and that Nedd4-2 was a substrate for phosphorylation by PKA at serine sites known to be involved with SGK regulation of Nedd4-2. Overexpression of SGK blunted ENaC stimulation by cAMP and conversely inhibition of SGK increased cAMP responses. The authors proposed Nedd4-2 as the convergence point for both the cAMP and SGK pathways.
Prior work demonstrated that vasopressin and aldosterone primarily promote the delivery of additional channels to the apical surface of ENaC-expressing epithelial cells (increased N) (see reviews in Refs. 150, 165) . Using an antibody labeling approach developed by Firsov et al. (57) for oocytes, Morris and Schafer (122) provided convincing evidence that cAMP (the mediator of vasopressin action) increases mainly the number of ENaC channels at the surface of MDCK cells. These data confirm earlier patch-clamp findings in amphibian epithelia stimulated with vasopressin or prostaglandins (97, 114) .
Insulin has been shown in both tissues and model cells to increase Na ϩ transport, again in part by inducing the translocation of ENaC to the apical membrane. A confirmation of these in vitro studies in in vivo models was obtained by acutely introducing insulin into C57BL/CBA mice (184) . This resulted in a significant reduction in excreted sodium due to an increase in ENaC activity. Biochemical isolation of the plasma membrane proteins from insulin-and vehicle-treated mouse kidneys demonstrated an increase in the abundance of ENaC subunits in those mice injected with insulin, suggesting that ENaC was trafficked to the apical membrane in response to acute insulin stimulation in agreement with the earlier in vitro studies (168) .
Conclusion
As discussed in this review, ENaC trafficking and recycling constitute a central mechanism to exercise physiological regulation of salt and water reapsorption in the distal nephron of the kidney. From disease-related mutations much has been elucidated about the apical membrane residency and half-life of ENaC. However, the mechanisms of ENaC internalization and the importance of channel recycling are becoming increasingly evident. It is clear that a suite of interacting proteins will be implicated in moving ENaC through intracellular vesicular compartments as it traffics through the apical compartments of these polarized epithelial cells. This offers the potential for multiple checkpoints in ENaC regulation, mediated by a complex web of protein associations. By uncovering the mechanics of this regulation, it is hoped that we will gain insight into pathophysiological conditions which arise from defects in this mode of regulation and identify targets for its therapeutic manipulation. 
